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A Tyrosine-Based Signal Targets H/K-ATPase
to a Regulated Compartment and Is Required
for the Cessation of Gastric Acid Secretion
Nathalie Courtois-Coutry,* Denise Roush,* heterodimer in the endoplasmic reticulum (ER) is re-
quired before newly synthesized active enzyme can beVanathy Rajendran,* J. Brian McCarthy,*
delivered to the cell surface (Gottardi and Caplan,John Geibel,² Michael Kashgarian,³
1993b). The cytoplasmic tail of the H/K-ATPase b sub-and Michael J. Caplan*§
unit possesses a tyrosine-containing sequence that is*Department of Cellular and Molecular
highly homologous to the motif responsible for the in-Physiology
ternalization of the transferrin receptor (Collawn et al.,²Department of Surgery
1990). Extensive analysis of transferrin receptor internal-³Department of Pathology
ization demonstrates that the sequence Tyr-X-Arg-PheYale University School of Medicine
(where X can be any residue) is necessary and sufficientNew Haven, Connecticut 06510
to induce this protein's endocytosis. This motif depends
absolutely upon the presence of the Tyr residue and
can function when presented in reverse orientationSummary
(Girones et al., 1991). The H/K-ATPase b subunit pos-
sesses the sequence Phe-Arg-His-Tyr in its cytoplasmicGastric acid secretion is mediated by the H/K-ATPase
domain (Gottardi and Caplan, 1993a).
of parietal cells. Activation of acid secretion involves
To examine whether this putative signal plays a role
insertion of H/K-ATPase into the parietal cell plas-
in H/K-ATPase cycling in vivo, we have mutagenized
malemma, while its cessation is associated with rein- the Tyr residue to Ala and established transgenic mice
ternalization of the H/K-ATPase into an intracellular expressing either the wild type or the mutagenized form
storage compartment. The cytoplasmic tail of the H/K- of the H/K-ATPase b subunit. Our data indicate that the
ATPase b subunit includes a four residue sequence mice expressing the mutant form of the H/K-ATPase b
homologous to tyrosine-based endocytosis signals. subunit hypersecrete gastric acid in resting conditions,
We generated transgenic mice expressing H/K- suggesting that the H/K-ATPase remains at the cell sur-
ATPase b subunit in which this motif's tyrosine residue face and is not retrieved by endocytosis. Thus, we pro-
is mutated to alanine. Gastric glands from animals pose that the tyrosine-based signal expressed in the
expressing mutant b subunit constitutively secrete H/K-ATPase b subunit plays a major role in targeting
acid and continuously express H/K-ATPase at their the protein to a regulated compartment and is required
cell surfaces. Thus, the b subunit's tyrosine-based sig- for the cessation of gastric acid secretion.
nal is required for the internalization of H/K-ATPase The role that acid secretion plays in the pathogenesis
and for the termination of acid secretion. As a conse- of gastric disease remains controversial. Infection with
quence of chronic hyperacidity, the mice develop gas- Helicobacter pylori has been associated with the major-
tric ulcers and a hypertrophic gastropathy resembling ity of human gastric ulcer disease (Blaser, 1987; Blaser,
Menetrier's disease. 1992; Blaser and Parsonnet, 1994). However, the hyper-
secretion of gastric acid induced by gastrin-secreting
adenomas (Zollinger-Ellison syndrome) is clearly able to
Introduction induce severe gastric and duodenal ulceration (Zollinger
and Ellison, 1955). Furthermore, patients who manifest
In resting gastric parietal cells, the H/K-ATPase is stored idiopathic basal acid hypersecretion overproduce gas-
in intracellular vesicles known as tubulovesicular ele- tric acid without any associated elevations in serum
ments (TVE). The binding of secretagogues to their re- gastrin levels (Kirkpatrick and Hirschowitz, 1980). These
ceptors induces the fusion of the TVEs with the apical patients develop peptic ulcer disease, frequently with-
membrane to form deeply invaginated secretory canalic- out concomitant H. pylori infection.
uli. This leads to insertion of H/K-ATPase into the plasma Even less well understood are the factors that contrib-
membrane and to an increase in acid secretion (Hersey ute to the formation of Menetrier's disease. This rare
syndrome is characterized by massive hyperplasia ofand Sachs, 1995). The cessation of acid secretion in-
gastric epithelial cells, leading to markedly enlargedvolves the endocytosis of the H/K-ATPase and the re-
mucosal folds, pit hyperplasia, and cyst formationgeneration of the TVEs. The mechanisms responsible
(Menetrier, 1888; Frank and Kern, 1967; Davis et al.,for this regulated endo- and exocytosis are not well
1977; Scharschmidt, 1977). In most cases, the numberunderstood.
of mucous cells increases dramatically, whereas theThe H/K-ATPase is composed of two subunits (Klaas-
populations of parietal and chief cells are diminishedsen and De Pont, 1994; Hersey and Sachs, 1995). The
or completely replaced. Many patients with advanced100 kDa a subunit is predicted to span the membrane
Menetrier's disease secrete little, if any, gastric acid.ten times and appears to mediate all of the enzyme's
Instead, a subset of Menetrier's patients secrete albu-catalytic functions. The b subunit is a type II membrane
min into their gastric lumens, leading to clinically signifi-protein that spans the membrane once. While the role
cant hypoalbuminemia. It has recently been suggestedof the b subunit remains unclear, assembly of the ab
that H. pylori is the specific pathogen responsible for
the histopathologic transformation characteristic of this
disease. In one clinical series (Stolte et al., 1993), z90%§To whom correspondence should be addressed.
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of Menetrier's patients were colonized with H. pylori, and the resultant offspring were screened for the incorpora-
tion of exogenous DNA by Southern blotting performederadication of the bacteria brought about symptomatic
relief and regeneration of normal gastric architecture on genomic DNA extracted from tail biopsies. Using a
probe directed against the CMV sequence, we have(Bayerdorffer et al., 1993, 1994). In contrast, another
review of clinical material obtained from Menetrier's pa- identified nine founder mice that have incorporated
H-Y20A into their genomes and seven founders positivetients suggested that infestation with H. pylori is no more
probable in this group than in the population at large for the wild-type H/K-ATPase b subunit. Southern blot-
ting performed on the offspring of the founders demon-(EUROGAST Study Group, 1993; Wolfen et al., 1993).
Mice infected with Helicobacter felis, which is closely strates that the exogenous sequences are transmitted
in the germ line (data not shown).related to H. pylori, develop histopathologic changes
that are characteristic of Menetrier's disease (Fox et Western blots performed on tissues derived from the
transgenic animals have shown that the exogenous pro-al., 1996). Examination of the acid-hypersecreting mice
produced in this study reveals that, over the course of teins are ectopically expressed. Using a monoclonal
antibody (MAb) directed against the gastric H/K-ATPaseseveral months, they also acquire the complete Mene-
trier's phenotype. These data suggest that Menetrier's b subunit, we have found that in controlmice, the protein
disease is not attributable exclusively to H. pylori coloni-
zation. Instead, it would appear that this condition may
be induced as a common endpoint by a number of
chronic gastric irritants.
Results
The H-Y20A Mutant Form of the H/K-ATPase b
Subunit Can Assemble with the H/K-ATPase
a Subunit in COS Cells
The cDNA encoding a mutant form of the H/K-ATPase
b subunit, in which tyrosine 20 has been replaced by
an alanine (H-Y20A), was generated by site-directed mu-
tagenesis and subcloned behind the cytomegalovirus
(CMV) promoter in the mammalian expression vector
pCB6. This construct was then expressed by transient
transfection in COS cells either singly or together with
a cDNA encoding the H/K-ATPase a subunit. The capac-
ity for assembly of the H-Y20A mutant b-subunit poly-
peptide with the H/K-ATPase a subunit was determined
by examining the extent to which the mutant b subunit
could support the a subunit's cell surface delivery (Fig-
ure 1). We have previously shown that the H/K-ATPase
b subunit is able to reach the cell surface when ex-
pressed by itself in COS cells, whereas the a subunit is
retained in the ER (Gottardi and Caplan, 1993b). As can
be seen in Figure 1A, H-Y20A can reach the cell surface
of COS cells when expressed individually and can as-
semble with the H/K-ATPase a subunit when the two
proteins are coexpressed (Figures 1C and 1D). Thus, the
mutation introduced into the cytoplasmic tail of H-Y20A
does not affect its ability to form ab holoenzyme. We
would expect, therefore, that H-Y20A would be fully
capable of forming complexes with a subunits endoge- Figure 1. Ability of a Mutated Form of H/K-ATPase b Subunit to
Assemble with the H/K-ATPase a Subunitnously expressed in the gastric parietal cells of trans-
(A±D) Transient transfection of COS cells with the cDNAs encodinggenic animals.
H/K-ATPase a subunit and H-Y20A either singly or together. Site-
directed mutagenesis was used to construct a mutant form of
H/K-ATPase b subunit (H-Y20A) in which Tyr-20 has been replacedTransgenic Mice Expressing H-Y20A Hypersecrete
by an alanine. The capacity of H-Y20A to assemble with H/K-ATPase
Gastric Acid under Resting Conditions a subunit and thus to enable it to reach the cell surface was exam-
To examine whether the tyrosine-based motif is involved ined by immunofluorescence microscopy. Magnification, 3 400. (A)
H-Y20A alone; (B) H/K-ATPase a subunit alone; (C) cotransfectionin vivo in the compartmentalization of the H/K-ATPase,
with H-Y20A and H/K-ATPase a subunit, H-Y20A staining; (D) co-we have generated transgenic mice that express either
transfection with H-Y20A and H/K-ATPase a subunit, H/K-ATPasethe wild type or the mutant form of the H/K-ATPase b
a subunit staining. Whereas H-Y20A is expressed at the cell surfacesubunit. Transgenic mice were prepared by injection
when transfected individually (A), the singly transfected a subunit
of cDNA inserts corresponding to the conjoined CMV is retained in the ER (B). H-Y20A can form an ab holoenzyme when
promoter-b subunit into mouse embryos. Injected em- the two subunits are cotransfected, since under these conditions
both H-Y20A (C) and the a subunit (D) are found at the cell surface.bryos were implanted into pseudopregnant females, and
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is expressed only in the stomach and is not detected
in other tissues such as the colon, the brain, the kidney,
and the liver. In contrast, the protein is expressed in
all of these tissues in the transgenic mice that have
incorporated constructs encoding the H-Y20A or the
wild-type H/K-ATPase b subunit (data not shown).
We predicted that mice expressing an H/K-ATPase b
subunit that lacks the tyrosine-based motif might se-
crete gastric acid in the absence of secretagogue, since
those H/K-ATPase dimers that incorporate the mutant
b subunit may be constitutively expressed in the apical
membranes of parietal cells. We have measured acid
secretion in isolated gastric glands by monitoring the
accumulation of a pH-sensitive dye, acridine orange
(Berglindh et al., 1980). Gastric glands from three-
month-old control mice as well as from three-month-old
transgenic mice expressing the wild type or themutant b
subunits were loaded with acridine orange and exam-
ined under basal conditions or following incubation with
histamine, which stimulates acid secretion (Figure 2).
The control and wild-type-expressing glands exhibit a
similar pattern. Acridine orange accumulation is low in
the basal state (Figures 2A and 2C) and increases in the
presence of histamine (Figures 2B and 2D). This increase
in dye accumulation presumably results from the fusion
of the TVE with the plasmalemma of parietal cells and
the concomitant acidification of the gland lumen. A
markedly different pattern is observed in glands ob-
tained from mice expressing H-Y20A. Maximal acridine
orange accumulation is observed in resting glands (Fig-
ure 2E), and histamine does not stimulate further acid
secretion (Figure 2F). These data are quantitated in Fig-
ure 2G. These results demonstrate that the glands ex-
pressing a mutated tyrosine-based motif secrete acid
under resting conditions at levels comparable to those
observed in control glands stimulated by a maximal
Figure 2. Measurement of Acid Secretion in Isolated Gastric Glandsdose of secretagogue. This suggests that H/K-ATPase
from Control and Transgenic Animals using the pH-Sensitive Dye
that incorporates the mutant b subunit remains continu- Acridine Orange
ously at the cell surface, and therefore that the H/K- (A±F) Confocal images showing acridine orange accumulation ob-
ATPase b subunit tyrosine-based motif is involved in tained in isolated gastric glands from control (A and B), wild-type
(C and D), and H-Y20A (E and F) transgenic mice. Acid secretionthe retrieval of the protein and its return to the TVE.
was estimated in resting conditions (A, C, and E) or after stimulationSince the hyperacidification did not occur in the animals
by 10±7 M histamine (B, D, and F). Magnification, 3 100.transgenic for the wild-type protein, it is unlikely that
(G) Fluorescence intensity quantitation in each experimental condi-
the hyperacidification was due simply to the overexpres- tion. The data are the mean 6 SEM of five to seven glands per
sion of the b subunit polypeptide. experimental animal from five independent animals for each experi-
The binding of histamine to its receptor in parietal mental condition. Statistical analysis was performed using Student's
paired t test. Asterisk, p , 0.001 basal versus stimulated values.cells induces an elevation of intracellular calcium, which
While controland wild-type glands manifest low basal acid secretionhas been shown to play an important role in signal trans-
that is elevated in response to histamine, glands from animals ex-duction and appears to correlate with parietal cell activa-
pressing the mutant construct exhibit maximal acid secretion in the
tion (Chew, 1986; Geibel et al., 1995; Wang et al., 1996). absence of secretagogue.
We have measured intracellular calcium levels by using
the calcium-sensitive dye calcium orange in basal or secretion is maximal. It appears, therefore, that the hy-
stimulated isolated gastric glands from three-month- peracidification is not due to hyperstimulation by a se-
old control and transgenic animals (Figure 3). The three cretagogue or to a defect in the signal transduction
preparations demonstrate similar patterns. The intracel- pathway, but rather to the constitutive expression of the
lular calcium level is low in the basal state (Figures 3A, H/K-ATPase at the parietal cell surface.
3C, and 3E) and increases in the presence of histamine
(Figures 3B, 3D, and 3F). These data are quantitated in Cell Surface Expression of the H/K-ATPase Is
Figure 3G. These results indicate that histamine can Increased in the Basal State in Transgenic
activate its receptor and produce an appropriate second Mice Expressing H-Y20A Compared
messenger cascade in glands from transgenic animals. to Control Animals
Moreover, the intracellular calcium level is low in resting If the mutation present in H-Y20A prevents retrieval of
the H/K-ATPase and its return to the TVE, we wouldglands expressing H-Y20A, despite the fact that acid
Cell
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Figure 4. Morphology of Gastric Parietal Cells from Control and
Transgenic Mice Expressing H-Y20A
(A±D) Electron microscopy of stomach sections from control (A and
B) and H-Y20A (C and D) transgenic mice. Prior to sacrifice, the
animals received an injection of either cimetidine (3 mg, ªbasalº) to
prevent stimulated gastric acid secretion (A and C) or of pentagastrin
(15 mg, ªstimulatedº) to stimulate acid production (B and D). Magnifi-
cation, 3 4000. In the basal state, parietal cells from control animals
predominantly display an unstimulated pattern, in which only a few
secretory canaliculi are found (A). When the cells are stimulated,
the TVE fuse with the apical membrane to form enlarged secretory
Figure 3. Determination of Intracellular Calcium Levels in Isolated canaliculi (B, arrows). The same pattern is observed in parietal cells
Gastric Glands from Control and Transgenic Animals using the Cal- from H-Y20A mice in resting conditions (C) and this morphology is
cium-Sensitive Dye Calcium Orange not affected by pentagastrin (D).
(A±F) Confocal images showing calcium orange accumulation ob-
tained in isolated gastric glands from control (A and B), wild-type
(C and D), and H-Y20A (E and F) transgenic mice. Intracellular cal- with cimetidine, the appearance of the parietal cells is
cium levels were assessed under resting conditions (A, C, and E) characteristic of their resting state. Mitochondria are
or after stimulation by 10±7 M histamine (B, D, and F). Mag-
distributed randomly in the parietal cells and only a fewnification, 3 100.
secretory canaliculi are present (Figure 4A). In contrast,(G) Relative levels of intracellular calcium expressed as pixel inten-
when the parietal cells present in the stomachs of penta-sity values and quantified for each experimental condition. The data
are the mean 6 SEM of five to seven glands per experimental animal gastrin-stimulated control animals are examined, a very
from five independent animals for each experimental condition. Sta- different pattern is observed. The mitochondria are dis-
tistical analysis was performed using Student's paired t test. Aster- placed along the edges of the cells and dramatically
isk, p , 0.001 basal versus stimulated values. In control and
enlarged canaliculi arepresent (Figure4B). A verysimilartransgenic animals, basal calcium levels are low andrise in response
morphology is detected in resting parietal cells fromto secretagogue stimulation.
transgenic mice expressing H-Y20A (Figure 4C), and
stimulation by pentagastrin does not further enhance
this stimulated phenotype (Figure 4D).expect that the gastric parietal cells present in unstimu-
lated stomachs of animals expressing H-Y20A would In order to quantitate these data, micrographs of 70
individual parietal cells from each of the four treatmentdisplay the microvilli and enlarged canalicular structures
characteristic of stimulated cells. We have examined the protocols presented above were scored by observers
who were blinded to the experimental conditions. Cellsultrastructural morphology of parietal cells from three-
month-old control and transgenic mice expressing were rated according to the extent to which they mani-
fest ªstimulatedº or ªunstimulatedº morphologies. TheH-Y20A (Figure 4). Prior to sacrifice, the animals re-
ceived an injection either of cimetidine to block gastric percentage of stimulated cells present in the transgenic
mice expressing H-Y20A in the basal state was signifi-acid secretion (basal state) or of pentagastrin to stimu-
late acid production (stimulated state). In the stomachs cantly higher than that observed in the control animals
under resting conditions (54.6% 6 4.6% versus 39.8% 6of nontransgenic control mice that have been injected
Tyrosine-Based Signal and Gastric Acid Secretion
505
8.9%, p , 0.05). The percentage of stimulated cells in
transgenic mice under basal conditions was not signifi-
cantly different from that found in the control and
transgenic animals under stimulated conditions (54.6% 6
4.6% versus 62.8% 6 9.5% and 64.3% 6 10.7%). These
results suggest that parietal cells from unstimulated
transgenic animals expressing H-Y20A exhibit the struc-
tural specializations associated with acid secretion and
are consistent with the hypothesis that H/K-ATPase is
constitutively expressed in the apical membranes of
these cells.
If H/K-ATPase heterodimers that incorporate the
H-Y20A b subunit are not available for endocytosis, then
a large population of both pump subunit polypeptides
should be present at the apical plasmalemma in resting
parietal cells expressing this construct. To test this pre-
diction, we performed immunoelectron microscopy on
ultrathin frozen sections derived from the resting and
stimulated stomachs of both control and transgenic
mice expressing H-Y20A. Resting and stimulated stom-
achs were obtained from animals that had been treated
according to the same protocols employed in the experi-
ment presented in Figure 4. Ultrathin cryosections were
labeled with an antibody directed against the H/K-
ATPase a subunit, followed by a secondary antibody
Figure 5. Immunoelectron Microscopic Localization of H/K-ATPaseconjugated to 10 nm colloidal gold. As can be seen in
a Subunit in Parietal Cells from Control and H-Y20A-ExpressingFigure 5A, the majority of the gold particles detected
Transgenic Micein resting parietal cells from control animals are found in
(A±D) Immunoelectron microscopic localization of the H/K-ATPaseassociation with cytoplasmic structures. Little labeling is
a subunit in stomach sections from control (A and B) and H-Y20Adetected over the scarce profiles of canalicular mem-
(C and D) transgenic mice. Prior to sacrifice, the animals received
branes. In contrast, the majority of labeling in stimulated an injection of either cimetidine (3 mg, ªbasalº) to prevent stimulated
cells from control animals is associated with the micro- gastric acid secretion (A and C) or of pentagastrin (15 mg, ªstimu-
villi of the secretory canaliculli (Figure 5B), consistent latedº) to stimulate acid production (B and D). The H/K-ATPase a
subunit was detected with a specific antibody used in conjunctionwith the stimulation-induced redistribution of the H/K-
with a secondary antibody conjugated to 10 nm colloidal gold. Mag-ATPase from the cytoplasmic tubulovesicular compart-
nification, 3 20,000. In basal parietal cells from control animalsment to the cellsurface. The distribution of gold particles
(A), gold labeling is spread over small vesicular structures in the
in resting H-Y20A parietal cells closely resembles that cytoplasm. Very few gold particles are associated with the rare
seen in stimulated cells. Few gold particles are associ- canalicular profiles present under these conditions (arrows). H/K-
ated with cytoplasmic vesicular structures, whereas ATPase labeling is present primarily on the microvilli of canalicular
membranes (arrows) in stimulated cells from control animals (B).abundant labeling is found in association with the plas-
The H/K-ATPase distribution in both basal (C) and stimulated (D)malemma (Figure 5C). A very similar pattern is seen in
parietal cells from H-Y20A transgenic mice closely resembles thestimulated cells from H-Y20A-expressing animals (Fig-
predominantly canalicular labeling pattern seen in the stimulated
ure 5D). These data demonstrate that elimination of the cells from control animals.
b subunit's tyrosine-based signal results in the accumu-
lation of the H/K-ATPase a subunit at the apical plas-
malemma. Taken together with the data presented in
transgenic mice that express the wild-type protein ex-Figures 2 and 4, these observations demonstrate that
hibit normal tissue architecture (Figures 6A and 6B). Inthe b subunit's tyrosine-based signal is necessary to
contrast, gastric mucosa from the transgenic animalsmediate the internalization of the functional H/K-ATPase
expressing H-Y20A is consistently abnormal. Theseholoenzyme from the cell surface. Disruption of this mo-
mice manifest lesions that vary in severity from superfi-tif blocks the return of the H/K pump to the TVE regulated
cial erosion (Figure 6C) to deeper erosions sparing onlystorage compartment, resulting in constitutive secretion
the basal portions of the glands (Figure 6D). In someof gastric acid.
cases, frank gastric ulcers develop and are associ-
ated with hemorrhage (Figure 6E) and inflammation ex-
tending into the muscularis (Figure 6F). All of the miceTransgenic Mice Expressing H-Y20A Develop
carrying a mutant b subunit had lesions in the gastricLesions Characteristic of Gastric Ulcer
mucosa, but none showed any lesion in the duodenumDisease and Hypertrophic Gastropathy
or the esophagus. These results indicate that the trans-We next investigated the histology of stomach sec-
genic animals expressing H-Y20A, which hypersecretetions from control and transgenic animals to determine
gastric acid in the basal state, develop lesions similar towhether the hyperacidification observed in the mice ex-
some of those observed in human peptic ulcer disease.pressing H-Y20A leads to any pathological effects (Fig-
ure 6). Stomachs from three-month-old control and In order to determine the long-term effects of basal
Cell
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Figure 6. Evaluation of the Integrity of Gastric Fundal Mucosa from
Control and Transgenic Animals
(A±F) Light microscopy of stomach sections from control (A), wild-
type (B), and H-Y20A (C±F) animals. While the morphology of control
and wild-type mucosa is completely normal, lesions are present in
the mucosa of all the H-Y20A transgenic animals examined. Lesions
include mild erosions (C), severe erosions (D), frank ulceration with
hemorrhage (E), and inflammation extending to the sub mucosa (F).
Bar: 0.05 mm.
hypersecretion of gastric acid on gastric mucosal mor-
phology, we have examined the histology of stomach Figure 7. Histological Changes Observed in Gastric Mucosa from
sections obtained from one-year-old H-Y20A and wild- One-Year-Old Transgenic Mice Expressing H-Y20A
type transgenic mice (Figures 7A and 7B). The thickness (A±F) Light microscopy of serial stomach sections from H-Y20A (A,
of the gastric mucosa in H-Y20A mice (Figure 7A) is C, E, and G) and wild-type (B, D, F, and H) transgenic mice.
(A and B) Hematoxylin and eosin stained sections show that thestrikingly enhanced compared to wild-type transgenic
gastric mucosa of H-Y20A (A) is nearly twice the thickness as com-animals (Figure 7B), with marked enlargement of gastric
pared to wild type (B).pits and glands. The gastric mucosa forms giant folds
(C and D) Mucus staining with periodic acid schiff in H-Y20A (C)
in animals carrying the mutated protein, and cystic and wild-type (D) gastric mucosa. The mucosal folds of H-Y20A are
metaplasia is frequently observed. Preparation of tissue polypoid, with an increase in mucus secreting cells (as indicated
with Warthin-Starry stain did not reveal any evidence of by PAS staining) that form cysts at the base of the mucosa (C).
Mucous cells are seen only on the surface of the mucosa from wildbacterial colonization (data not shown).
type transgenic mice (D).These histological changes are remarkably similar to
(E and F) Parietal cell staining in H-Y20A (E) and wild-type (F) mice.those described in patients with hypertrophic gastropa-
There is a marked absence of staining for parietal cells in the areas
thy or Menetrier's disease (Menetrier, 1888; Frank and associated with mucous metaplasia in H-Y20A mucosa (E).
Kern, 1967; Davis et al., 1977; Scharschmidt, 1977). The (G and H) Cell proliferation rate estimated by PCNA staining in
gastric mucosa is notable for a dramaticepithelial hyper- H-Y20A(G) and wild-type (H) stomach sections. While PCNA staining
is confined to the proliferative neck of glands in wild type (H), PCNAplasia associated with increased epithelial cell prolifera-
staining is diffusely present along the entire gland in H-Y20Ation, as revealed by staining for proliferating cell nuclear
mice (G).antigen (PCNA). As would be expected, PCNA labeling
Gastric mucosa from transgenic animals expressing H-Y20A exhibit
is restricted to the proliferative neck regions of the features characteristic of Menetrier's disease: hypertrophic mucosa
glands in the wild-type transgenic animals (Figure 7H). (A), cystic mucous metaplasia (C), a decrease in the number of
In contrast, PCNA is expressed throughout the length parietal cells (E), and diffuse hyperplasia as indicated by PCNA
staining (G). Bar: 0.1 mm.of the glands in the mice expressing H-Y20A (Figure
Tyrosine-Based Signal and Gastric Acid Secretion
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7G). This hyperproliferative state appears to affect pri- acid pumps, and the renal Na/Pi cotransporter involves
marily the mucous cell population, since the fraction of insertion and recapture of transporter-containing vesi-
PAS-positive cells appears to be greatly elevated in the cles (Schwartz and Al-Awqati, 1986; Calderhead and
H-Y20A mice (Figure 7C). Furthermore, we find that in Lienhard, 1988; Lencer et al., 1990; Murer and Biber,
H-Y20A animals parietal cells are totally absent in some 1996). The present study defines a molecular signal re-
regions of the gastric mucosa and are completely re- sponsible for this membrane cycling in vivo. It is interest-
placed by mucous cells (Figures 7E and 7C). These data ing to note that the targeting of the GLUT4 carrier to
suggest that the one-year-old mice expressing H-Y20A an intracellular membrane compartment may involve a
consistently develop features typical of Menetrier's dileucine motif present in its cytoplasmic tail (Verhey
disease. et al., 1995). The dileucine motif can function as an
endocytosis signal, and it remains to be determined
whether the role of this sequence in GLUT4 targeting is
Discussion associated with the protein's retrieval from the plas-
malemma to an intracellular compartment.
We have examined the role of a tyrosine-based se- The transferrin receptor undergoes rapid, constitutive
quence motif present in the cytoplasmic tail of the b endocytosis. It is perhaps surprising, therefore, that en-
subunit of the H/K-ATPase in the targeting of this protein docytosis of the H/K-ATPase, which bears a strikingly
to a regulated compartment in vivo. We have generated similar signal, occurs only after the removal of secreta-
transgenic mice expressing either the wild type or a gogue stimulation. The membrane fusion induced by the
mutant form of the b subunit in which the tyrosine secretagogue stimulation of parietal cells is associated
residue has been mutagenized into an alanine. The with the phosphorylation and assembly of numerous
transgenic animals expressing the mutant form of the elements of a submembranous cytoskeleton. This cy-
H/K-ATPase b subunit hypersecrete gastric acid under toskeleton, which interacts directlywith the H/K-ATPase
resting conditions, and cell surface expression of the a subunit (Mercier et al., 1989; Hanzel et al., 1991), may
H/K-ATPase is increased compared to control animals. prevent the b subunit's signal from mediating the holo-
Moreover, the transgenic mice expressing the mutant enzyme's internalization. The depolymerization of the
form of the H/K-ATPase b subunit consistently develop cytoskeleton that accompanies the termination of secre-
gastric ulcer disease and subsequently exhibit features tagogue stimulation might then allow the information
described in patients with hypertrophic gastropathy. present in this motif to be recognized and acted upon
These data demonstrate that the H/K-ATPase b sub- by the parietal cell's endocytosis machinery, resulting
unit tyrosine-based motif is required to initiate the re- in the retrieval of H/K-ATPase and its return to the TVE.
moval of the H/K-ATPase from the apical membrane of
The gastric hyperacidification in the transgenic mice
parietal cells and to ensure its return to the TVE compart-
expressing the mutant protein was associated with se-
ment in order to terminate the process of acid secretion.
vere pathological changes in the stomach. In some
The participation of a tyrosine-based signal in the re-
forms of human peptic ulcer disease, colonization of the
trieval of the H/K-ATPase suggests that this process
gastric mucosa by the bacteria H. pylori appears to be
involves interactions with adaptins and is mediated by
an important pathogenetic factor (Blaser, 1987; Blaser,
clathrin coated pit formation. This hypothesis is consis-
1992; Blaser and Parsonnet, 1994). We could not detect
tent with a previous electron microscopic examination
any evidence for colonizing bacteria in the stomachs ofof parietal cells, in which the transition from the stimu-
the mutant mice, which suggests that the hypersecre-lated to the resting state was associated with the ap-
tion of acid is itself sufficient to induce the gastric le-pearance of abundant coated pits and coated vesicles
sions. This situation is somewhat analogous to that ob-(Schofield et al., 1979). An alternative mechanism was
served in patients who develop the Zollinger-Ellisonproposed in a recent study that employed a rapid freeze
syndrome (Zollinger and Ellison, 1955). These patientselectron microscopic technique toexamine parietal cells
have gastrin-producing adenomatous tumors, which in(Pettitt et al., 1995). It was suggested that secretagogue
turn lead to a continous stimulation of the parietal cells,binding does not produce exocytosis of the TVEs, but
and thus to a hypersecretion of acid. These patientsrather that TVEs are permanently continous with the
classically develop severe duodenal and gastric ulcersapical plasmamembrane. According to this model, stim-
that are clearly attributable to hyperacidification, sinceulation of acid secretion swells the TVE and widens the
their stomachs are often sterile. It is interesting to notepore that connects it to the cell surface. Termination of
that the transgenic mice do not develop duodenal ul-acid secretion would allow the TVEs and the connecting
cers. Presumably, differences in the rate at which thepores to contract to their resting size. It is difficult to
mouse stomach empties or in the capacity of the mousereconcile this hypothesis with the current evidence im-
pancreas to neutralize gastric acid entering the duode-plicating a tyrosine-based signal in the inactivation of
num spares the duodenal mucosa in the transgenic ani-acid secretion. Experiments are under way to define the
mals. A subset of human duodenal ulcer patients (z3%)cellular components with which the b subunit's signal
manifest high basal gastric acid secretion in the absenceinteracts and to determine the precise mechanism
of elevated serum gastrin levels (Kirkpatrick and Hir-through which it exerts its effect.
schowitz, 1980). This scenario is reminiscent of that ob-The function of several membrane transport proteins
served in the transgenic mice expressing the mutantare governed by regulated exo- and endocytosis. Nu-
protein, and it will be interesting to examine whether themerous studies have shown that hormonal regulation of
the GLUT4 glucose carrier, renal water channels, renal pathology in these patients is attribuable to a molecular
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defect similar to the mutation of the H/K-ATPase b sub- from the cell surface and for its targeting to the TVE
storage compartment. It should now bepossible tochar-unit signal that results in secretagogue-independent
constitutive acid secretion. acterize the cellular machinery that interacts with this
signal and to reconstruct the protein±protein interac-Although it was initially described over 100 years ago
(Menetrier, 1888), the pathologic basis of Menetrier's tions involved in orchestrating this regulated endocyto-
sis event. Moreover, the propensity of these transgenicdisease has remained mysterious. This rare disorder is
associated with massive enlargement of gastric folds mice to develop gastric ulcers and hypertrophic gas-
tropathy suggests that they will constitute an excitingand mucous cell hyperplasia (Frank and Kern, 1967;
Davis et al., 1977; Scharschmidt, 1977). This increase in vivo model that may be of value in efforts to both
elucidate the mechanisms of acid peptic disease andin the mucous cell population is often associated with
a concomitant decrease in parietal cell mass. Conse- evaluate new pharmacotherapies.
quently, many Menetrier's patients secrete little, if any,
gastric acid. Experimental Procedures
It has been suggested that colonization with H. pylori
Transgene Constructionmay be responsible for acquisition of the Menetrier's
Site-directed mutagenesis was performed to construct a mutantphenotype. In a recent clinical study, z90% of Mene-
form of H/K-ATPase b subunit (H-Y20A) in which Tyr 20 has been
trier's patients were found to harbor H. pylori infection replaced by an Ala. H-Y20A was created by PCR according to stan-
(Stolte et al., 1993). Furthermore, eradication of H. pylori dard protocols (2 mM each primer, 0.1 mM template cDNA, 0.2 mM
through antibiotic therapy led to resolution of the symp- each dATP,dGTP, dCTP, dTTP, 13 Vent polymerase reaction buffer,
1 unit Vent Polymerase [New England Biolabs, Beverly, MA]; 978C-15toms and restoration of normal gastric architecture
s, 508C-60 s, 728C-60 s; 30 cycles), utilizing two sets of primer pairs:(Bayerdorffer et al., 1993, 1994). Further support for the
(1) 59ACGCGTATCGATAAGCTT39 and (2) 59GTTCCAGCAGGCGTGparticipation of Helicobacter in the pathogenesis of
GCGGAA39, and (3) 59TTCCGCCACGCCTGCTGGAAC39 and (4)
Menetrier's disease derives from recent studies of mice 59GTCTGGCCTTAAGGTTAC39. Two base pairs (underlined) were
chronically infected with H. felis, a member of the Helico- modifed from the wild-type H/K-ATPase b cDNA (kindly provided
bacter family that is naturally resident in cats and dogs. by M. Reuben and G. Sachs, University of California, Los Angeles,
CA). Portions of the H/K-ATPase b subunit cDNA that are 59 and 39These mice develop dramatic hypertrophic gastropathy
to the introduced mutation were amplified separately in two parallelassociated with cystic metaplasia and hyperprolifera-
reactions using primer pairs (1), (2) and (3), and (4), respectively.tion of mucous cells (Fox et al., 1996).
The products of these reactions were then annealed, extended, and
Other studies indicate, however, that Helicobacter is amplified with primers (1) and (4) to regenerate the full-length coding
not the sole pathogenetic agent responsible for bringing sequence. The resulting cDNA was sequenced to confirm that no
about the Menetrier's transformation. A review of patho- other point mutations were introduced during PCR amplification.
The PCR product was then subcloned into the ClaI and AflII siteslogic specimens from Menetrier's patients found that
of the mammalian expression vector pCB6 (kind gift of M. Roth,the infection rate with H. pylori was no higher than that
University of Texas, Southwestern).found in the general population (z30%) (EUROGAST,
1993; Wolfen et al., 1993). Furthermore, a transgenic
Transgenic Mice
mouse model in which transforming growth factor a Transgenic mice were generated using standard techniques (Hogan
(TGFa) is overexpressed in gastric epithelial cells devel- et al., 1986). A 3.3 kb fragment corresponding to the cytomegalovirus
(CMV) promoter joined either to the wild-type H/K b cDNA or H-Y20Aops a hypertrophic gastropathy whose histopathology
was excised from pCB6 by digestion with PvuI and XmaIII. CMVclosely resembles that of Menetrier's disease (Takagi et
promoter has been shown to induce the expression of exogenousal., 1992).
proteins in numerous organs of transgenic mice, including the stom-The H-Y20A-expressing mice generated in the present
ach (Schmidt et al., 1990; Kothary et al., 1991). The fragments con-
study uniformly acquire a Menetrier-like hypertrophic taining the conjoined promoter±b subunit construct were separated
gastropathy associated with mucous cell hyperplasia by agarose gel electrophoresis and purified by Geneclean (Bio 101,
Vista, CA), followed by two phenol extractions and ethanol precipita-and loss of parietal cell mass. Close examination of the
tions. The cDNA inserts were resuspended in sterile injection buffergastric mucosa derived from these animals has consis-
(50 mM Tris, pH 7.4, 1 mM EDTA) at a concentration of 2 ng/ml, andtently failed to detect colonization by H. felis or any
500 ng were injected into embryos from B6SJL mice (injection wasother bacterial pathogen. We conclude, therefore, that
performed by the Yale University Transgenic Mouse Facility).
the hyperacidity that is induced through H-Y20A expres- The resultant offspring were screened for incorporation of the
sion is responsible for the observed pathology. Taken transgenes by Southern blot analysis (Ausubel et al., 1994). Genomic
together with the observations discussed above, our DNA was extracted from tail biopsies by purification on a spin col-
umn according to the manufacturer's instructions (Quiagen Inc.,data suggest that Menetrier's disease maybe a common
Chatsworth, CA). Hybridization was performed overnight at 658Cendpoint that can be induced by a number of chronic
using a digoxigenin-labeled probe specific for the CMV promoter.gastric irritants, including Helicobacter and hyperacid-
Nonradioactive reagents used to label the probe and visualize the
ity. It is tempting to hypothesize that both long term hybridization signal (anti-digoxigenin antibody conjugated with
hyperacidity and bacterial infection may lead to the re- horseradish peroxidase) were purchased from Boehringer Mann-
lease of inflammatory mediators, such as TGFa, which heim (Indianapolis, IN) and utilized according to the manufacturer's
instructions.may in turn induce a reactive hyperplasia. Future experi-
Western blot analysis was performed as previouly described (Got-ments will examine the role of TGFa in the acquisition of
tardi and Caplan, 1993a). Stomachs and colons were removed fromMenetrier's histopathology in the H-Y20A mouse model.
control and transgenic mice, opened, and rinsed in ice cold PBS.
In conclusion, we have identified a key mechanism Cells were scraped from the mucosa with a razor blade and trans-
involved in the inactivation of gastric acid secretion. The ferred into a 1.5 ml microfuge tube containing PBS plus Triton 1%.
tyrosine-based signal expressed in the H/K-ATPase b The cells were broken by manual homogenization with a pestle and
allowed to sit on ice for 30 min. Postnuclear supernatants weresubunit is responsible for the retrieval of the H/K-ATPase
Tyrosine-Based Signal and Gastric Acid Secretion
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then prepared by centrifugation for 10 min at 800 3 g, and these Immunoperoxidase Labeling
Stomach sections obtained from one-year-old wild-type andsupernatants were processed for Western blot analysis. Kidneys,
brains, and livers were also removed from the animals, and homoge- H-Y20A transgenic animals were labeled with polyclonal antibodies
directed against either the N-terminal sequence of the H/K-ATPasenates were prepared according to standard methods (Gottardi and
Caplan, 1993a). a subunit (Gottardi and Caplan, 1993b) or PCNA (DAKO). Specific
antibody binding was detected using immunoperoxidase labeling.
Briefly, the paraffin sections were dewaxed in xylene through to
Cell Culture and Transfection alcohol and incubated in 0.5% methanolic peroxide for 10 min to
COS-1 cells were maintained in a humidified incubator at 378C under block endogenous peroxidase. The sections were rinsed in tap wa-
5% CO2 atmosphere in MEM that was supplemented with 10% fetal ter, hydrated in PBS, and then preblocked in GSDB buffer (16%
bovine serum, 50 units/ml penicillin, 50 mg/ml streptomycin, and 2 filtered goat serum, 0.3% Triton X-100, 20 mM NaPi, pH 7.4, 150
mM L-glutamine. COS-1 cells (2 3 105) were seeded onto glass mM NaCl). Following a 1 hr incubation with polyclonal antibodies
coverslips 12±24 hr prior to transfection and transiently transfected directed against the H/K-ATPase a subunit (dilution 1:100) or PCNA
with H/K-ATPase a (kind gift of G. Shull) and/or H-Y20A cDNAs by (dilution 1:400), the slides were washed in PBS containing 0.1%
the DEAE-Dextran method (Sambrook et al., 1990). BSA and incubated with peroxidase conjugated goat anti-rabbit IgG
for 1 hr. The slides were incubated for z20 min in diaminobenzidine
solution (0.005% H2O2 was added to 10 mg diaminobenzidine freshly
Immunofluorescence dissolved in 0.5 M Tris and 7.5 % sucrose, pH 7.4) and the reaction
Transiently transfected COS-1 cells were fixed in methanol (2208C) was stopped by washing in water. The localization of reaction prod-
and processed as previously described (Gottardi and Caplan, uct was observed with a Zeiss Axiophot microscope.
1993b). Cells were incubated for 1 hr at room temperature (dilution
1:100) with a MAb directed against the ectodomain of the H/K- Determination of Acid Secretion and Intracellular
ATPase b subunit (kind gift of D. Chow and J. Forte, U.C., Berkeley, Calcium Levels in Isolated Gastric Glands
CA) and/or a polyclonal antibody directed against the N-terminal Gastric glands were isolated from three-month-old mice by micro-
sequence of the H/K-ATPase a subunit (Gottardi and Caplan, dissection as previously described (Geibel et al., 1995). A small area
1993b). The cells were then stained with rhodamine-conjugated goat of gastric fundus from control and transgenic animals was rinsed
anti-mouse IgG and/or fluorescein isothiocyanate-conjugated goat four times in a standard HEPES-buffered Ringer's (pH 7.4) solution
anti-rabbit IgG for 1 hr (dilution 1:100). Staining was visualized with at 48C and then transferred to the stage of a dissecting microscope.
a Zeiss Axiophot microscope. Individual glands were isolated by hand dissection. Isolated glands
were then placed into a chamber on the stage of a Zeiss LSM-410
confocal microscope. For experiments designed to examine acid
Electron Microscopy and Immunogold Labeling secretion, they were preincubated at room temperature for 10 min
Three month old control and transgenic mice expressing H-Y20A in Ringer's saline solution containing 10 mM of the pH-sensitive dye
were starved for 24 hr and injected with cimetidine (3 mg) or penta- acridine orange. Fluorescence was excited at 493 nm, and emission
gastrin (15 mg) 1 hr before sacrifice. After fixation by cardiac perfu- was measured at 569 nm using a multiline argon laser coupled
sion with PLP (10 mM NaIO4, 750 mM lysine, 37.5 mM Na-PO4 buffer, to the confocal microscope. Histamine was added to the bathing
2% paraformaldehyde), stomachs were removed and processed for solution at a final concentration of 1027 M, and fluorescence was
electron microscopy as previously described (Biemesderfer et al., monitored at 30 s intervals for 20 min. Each image is the product
1992). Ultrathin sections were examined using a Zeiss 910 electron of 8-fold frame averaging. Fluorescence intensity was quantitated
microscope. by averaging pixel values measured over the entire gland and within
Micrographs of parietal cells were taken randomlyby an individual three randomly chosen 50 m2 boxes.
who was blinded to the experimental conditions. Micrographs of at The calcium-sensitive dye calcium orange was used to determine
least 70 parietal cells from each condition were intermixed and intracellular calcium levels in isolated gastric glands from control
presented to four individuals who were blinded to the experimental and transgenic mice. After dissection, glands were preincubated
conditions. The degree to which each cell appeared stimulated was at room temperature in Ringer solution containing 10 mM of the
scored on a scale of 1 to 4. The data were compared by Student's acetoxymethyl ester form of calcium orange for 20 min to allow
t test. uptake and ester hydrolysis. Residual and nondeesterified dye was
For immunogold labeling, stomachs were postfixed in PLP for 6 removed by multiple washes of the glands with buffer. Fluorescence
hr and then cryoprotected through incubation for 1 hr in 2.3 M intensity was estimated as described for acridine orange, except
sucrose in phosphate buffer (pH 7.2) with 50% polyvinylpyrrolidone. that the excitation wavelength was 564 nm and the emission wave-
Tissue was mounted on aluminium nails and stored in liquid nitrogen. length was 590 nm.
Ultrathin cryosections were cut with a Reichert ultramicrotome
equipped with an FC-4E. Immunogold labeling was performed on Acknowledgments
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